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We have identified new transcripts in the region surrounding the L-strand replication origin (Ori L) of rat liver mitoehondrial DNA. In particular. 
we have detected previously unidentified intermediates of RNA processing on both the heavy and the light strands, such as precursors ol'the ND2 
mRNA plus the Trp-tRNA and precursors of the tRNAs clustered in the Ori L region. This indicates that the mechanism of RNA processing in
mitoehondria proceeds step-wise producing a variety of precursors of the instate forms. The other striking finding is the detection of antisense 
RNA species in the region of L-strand replication. Since a variety ofantisense transcripts were also found in the D-loop region of rat mitochondrial 
DNA, we suggest that they Hight play a regulatory role in the replication and expression ~f the mitochondrial genome. 
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1. INTRODUCTION 
Mammalian mitochondrial (mt) DNA contains two 
distinct origins of replication at a distance of about 10 
kb. The replication origin (Ori H) of the heavy (H) 
strand is located in the main non-coding segment of 
mtDNA, called the D-loop-containing region since in 
the majority of resting molecules, a newly nascent H 
strand creates a three-stranded structure with the dis- 
placement of the old H strand. This region, ranging 
from 0.9 to 1.2 kb in mammals, also contains the pro- 
moters for both light (LSP) and heavy (HSP) strand 
transcription. The non-coding region containing the 
origin of light (L) strand replication (Ori L) is only 30 
b long and is flanked by five tRNA genes. This region 
can fold in a stable stem and loop structure which is very 
conserved in mammals. 
The two origins of replication show a natural DNA 
curvature correlated with the periodic distribution of 
dinucleotides in the structure [1-2]. 
The replication of mtDNA in mammals has been 
studied extensively. It starts with the elongation of the 
nascent H strand and the concomitant displacement of
the parental H strand. When two-thirds of the daughter 
H strand has been synthesized, the synthesis of the L 
Abbreviations: mt, mitochondrial; Ori region, region conutining the 
origin of replication; H, heavy; L, light; ND, NADH dehydrogenase; 
CO, cytochrome oxidase; D-loop, displacement loop; CSB, conserved 
sequence block. 
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strand begins on the displaced H strand template [3-4]. 
Both H- and L-strand replication require the presence 
of RNA primers which are produced by mtRNA po- 
lymerase at the level of Ori H and by a mt primase at 
the level of Ori L (and therefore transcription and 
replication mechanisms are strictly related). The switch 
from RNA synthesis to DNA synthesis i accomplished 
by a mtRNase MRP activity at the level of CSBs in the 
D-loop and at the level of a G-rich sequence at the base 
of a stem-loop structure in the L-strand replication ori- 
~ir [51. 
As regards the mechanism of transcription, early data 
obtained by electron microscopy suggested that in 
HeLa cells both strands of mtDNA are symmetrically 
transcribed. Subsequent studies performed on various 
mammalian species in vivo and in vitro were mainly 
concerned with the characterization f the promoters 
and enzymes involved in transcription and with the 
mapping of structural traoseripts [6]. 
We have recently demonstrated that the D-loop-con- 
taining region is symmetrically transcribed in rat mi- 
tochondria producing rather complex patterns of H and 
L transcripts [7]. 
In order to get a better insight into the transcription 
of the non-coding regions of mtDNA we have since 
extended our analyses to the replication origin of the L 
strand. In this paper we demonstrate he presence of 
novel unidentified precursors of mature RNA species 
and of stable complementary transcripts in the region 
containing the replication origin of the L strand. On the 
other hand no stable antisense RNAs were detected in 
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Fig. I, Rsslriction map nnd genetic organization of the Ori L region, The numbers above the lint indicate the subfragment cloned in the Bluescript 
wzctor. The arrows indicate the direction of the transcription of each gene. H. Heavy transcripts; L. Light tramscrip&; ND2. NADH-dchydrogcnase 
subunit 2; Trp. Ala. Asn, Cys. Tyr: tRNA cluster; O,_* origin of ruplicdtion of L strand: COI, cytochrome oxidase subunh 1. Clone I = 520 bp ND? 
clone 2= 154 bp ND’. 66 bp Trp.tRNA, 69 bp Ala-tRNA, 39 bp Asn-tRNA; clone 4= 35 bp Asn-tRNA, 30 bp Ori L, G8 bp Cys-tRNA, 66 bp 
Tyr-tRNA. I5 bp COI; clone 3= 284 bp COI. l = EcoRI: T= 7-u& A= HiricH: n = Hirldlll. 
thz surrounding segments coding for structural mRNA 
and rRNA genes. 
2. MATERlALS AND METHODS 
2. I. Prqxtrrrrivr~ qf trriiochor~rfriui RNA 
RNA was purified from the livrr of male albino Rarms tmwgicrrs 
0T tltu Wislar strain [S]. 
The RNA was trcaled with RNasc-free DNasc before the hybridin- 
lion. We can exclude any residual conlaminilGng DNA because 
several riboprobcs (5(L). I(L). 3(L), G(L)) did not reveal any hybrid 
al all, and other riboprobes (2(L) and 4(L) revealed hybrids that are 
shorlcr than lhcir complcle scque~~~s (Fig. 2). 
2.2. Clo~litr~, rrmscripriot~ ut~cl scqu~trcB~g oJ’rtriroc/lottrf~ial DNA 
The fragments: EcoRI-i”aql (fmgmcnt I), ‘Trryl-Hihcll (fragment 2). 
Hitrcll-Hitrdlll (frugmcm 3). Hlr~cll-Hincll (fragment 4). EcaRI-Sucl 
(fragmcni 5). BaarflHI-CIuI (fragment 6) were cloned in Bluescript 
vector (Qratagene San Diego. CA). The bluescript vector comains the 
T7 promoler-muhiplc cloning site-T3 promoter. To oblain the 
transcripts of both the strands of the fragments, WC linearized the 
plasmid upstream or dowmiircani from the cloned fragment and al- 
ternately used the T7 and T3 RNA polymerases (Promcga) according 
to the methods indicated by thu suppliers. The slrand specificity of the 
transcripts was checked by sequencing the DNA templates using the 
dideoxynucleotide chain-terminalor Sanger mclhod adapted to double 
slrand templates [9]. 
Tbc exacl size of the rragnlenls are: fragment I=520 bp. fragment 
2=330 bp, fragment 3=284 bp, fragment 4=220 bp, fragment 5=33l 
bp, fragment 6=5Ol bp. 
Total mtRNA (40 ,~g). RNasc-free DNasc-treated, was dcnaturbti 
and the hybridizations were carried out in 30 ~1 of 80% formamide, 
400 mM NaCI, 40 mM PIPES (1,4-piperozinc-diethancsulfonic a id) 
(pH 6.7). I mM EDTA, lOr(tg tRNA a! 50°C for I6 h with diffcrcnl 
312 
riboprobcs (2 x IO” dpm/pg), The hybridizalion mixlurc was subsc- 
qucnlly digested with RNase Tl (173.5 U) and RNasc A (0.3 fig) in 
0.3 M NaCI, IO mM Tris-HCI (pH 7.8). 5 mM EDTA for 30 min al 
30°C. Furlhcr incubation was performed by adding 50 yg of 
proteinasc K and IO ~11 of 20% SDS for I5 min at 37“C. After phenol 
extraction and uthanol precipitation, protected fragments were 
analyzed by elcctrophoresis in 6% acrylamidc/8 M urea gels. The 
negative controls for each probe were carried out on samples which 
had been hybridized alongside the other reactions under exactly the 
smc conditions bul withoul mtRNA. In thcsc samplus, after the 
RNase digestion, the riboprobes were completely degraded as ex- 
pected. Optimum condhions for the reactions were SCL up using a 
riboprobe corresponding to cytochromc oxidase subunit I. All the 
riboprobes were eluled from the denaturing gel before the hybridizn- 
lion. 
2.4. Revrrsc ttwttswiptwv v.t;rwrirrtcwtr 
Experiments were performed using three synthetic 20.mcr primers: 
oligo a = 5117-5136, oligo b = 5360-5341. oligo c = 5180-5109; the 
nucleolide positions are those relative to the ral sequence reported by 
Gadaleta et al. [IO]. The oligos have been purified by elcctrophorcsis 
011 a 20% polyacrylamidd8 M urcd gel. 20 pmol ofeluicd primers were 
labellcd whh 60 PCi of [y-‘?P]ATP (3.000 Ci/mmol. Amsrsham, UK) 
and IO U of T4 polynuclcoGde kinase (Rochringer, Mannbeim) [I I]. 
For annealing, 7 x IO’ cpm of these primers were combined with IO 
pug of tolal rat liver mtRNA in 20 yl of 80% formamide, 0.7 M NaCI. 
0.04 M HEPES (N-(2.hydroxycthyl)piperaeinc-N’-(2 cthancsulfonic 
acid)) pH 7.00 and incubdlcd for I6 h al 37°C. Afler ethanol prccipila- 
tion, lhc samples were suspended in I5 ~1 of 0.15 mM dATP, dCTP. 
dTTP, dGTP. 34 mM Tris-HCI pH 8,3.50 mM NaCI, 5 mM MgCl,. 
5 mM DTT, The reverse transcriplion was started by adding 8 U of 
reverse transcriplase (Promcga) and 30 U of RNase inhibitor 
(Promega), continued for 2 h iii 4X and tcrminatcd by adding 0.3 
M NaOH and incubating at 56OC for IO min. After neutralizalion and 
phenol/chloroform cxlraclion, the nucleic acids were recovered by 
ethunol precipitalion. suspended in 4 ~1 of 80% formamide, IO mM 
EDTA, 0.3% xylcne-cyunol and sized on denaturing 6% polyacryl- 
amide/8 M urea sequencing els. 
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Fig. 1. RNasc mapping of H- and L-transcripts in the Ori L region. 
Hybridization performed with total mrRNA, T; RNase-treated probe 
as negalivc control, N; H, heavy transcript; L, Light transcript. Clones 
l-4, see lcgcnd Fig. I; clone 5,331 bpND1; clonc6,SOI bp IZS&NA. 
The protected fragments wcrc sized against known scclucnce ladders. 
2.5. @uurtriruriw anu~_ws 01 rhe trunscriprs 
Hybridimtions were performed by combining a fixed amount of 
RNasc-Tree DNasc-treated total mtRNA with increasing quantities of 
specific highly labcllcd riboprobs (0.1-l ng: 2x10” dpm&). The 
saturation conditions wcrc rcachcd with 0.03 ~6 mtRNA for ri- 
boprobes 5(H) and l(H); 0.4 pg for 4(H); 0.01 pg for 4(L) and 0.02 
~13 for 3(H). The amount of the hybrid was mcasur&, after RNasc 
digestion and TCA precipitation. from the diffcrcnce between the 
TCA.insolublc radioactivity of samples containing mtRNA and that 
of the controls. Each cxpcrimcntal point was performed in quadrupli- 
cate. The relative concentrations ofall tlx transcriptsat saturation arc 
shown in Table I. 
3. RESULTS 
Fragments of mtDNA containing Ori L and its 
surrounding enes were cloned in the Bluescript vector 
and transcribed in vitro in both directions by using T3 
and T7 RNA polymerases. These riboprobes were hy- 
bridized with total rat liver mtRNA, RNasc-free DNase 
treated and used in qualitative and quantitative anal- 
yses. 
Fig. 1 shows the structural organization and the 
restriction map of the region under investigation. The 
H and L transcripts were characterized by RNase 
protection as shown in Fig.. 2. The riboprobes used to 
identify the transcripts of heavy and light strands are 
defined H and L, respectively. 
The riboprobes S(H), not shown in Fig. 1, and l(H) 
identify transcripts corresponding to NDI and ND2 
mRNAs respectively (331 b and 520 b long) (Fig. 2 lanes 
SW and IH). No transcripts complememary to these 
mRNAs arc detectable (Fig. 2 lanes 5L and 1L). 
Fragment 2 contains four structural genes: the ND2 
3’ end and the Trp-tRNA coded by the H strand, and 
two tRNAs, Ala and Asn 3’end. coded by the L strand. 
Riboprobe 2(H) identifies a peculiar transcriplion 
pattern (Fig. 2 lane 2H): the bands (I 54 b and 66b) 
correspond to the protection of the struclural genes 
ND2 and Trp-tRNA, respectively; the faint bands re- 
present several processing intermediates. On the basis 
of their dimensions the bands were interpreted as fol- 
lows: the 330 b hybrid as the complete protected frag- 
ment, the 220 b hybrid as the H transcripts containing 
ND2 mRNA plus Trp-tRNA, the 170 b hybrid as a 
processing intermediate containing the structural Trp- 
tRNA plus antisense Ala-tRNA plus antisense Asn- 
tRNA, and the 108 b hybrid as the antisense Ala-tRNA 
plus Asn-tRNA. It should be noted that the hybridiza- 
tions of tRNAs show multiple bands owing to an in- 
complete unfolding of the cloverleaf structure [121. 
It should be stressed that the complete protecled frag- 
ment (330 b) reveals the presence of a novel unprocessed 
RNA precursor containing an mRNA (ND2), Trp- 
tRNA and antisense tRNAs. 
Riboprobe 2 (L) (Fig. 2, lane 2L) identifies Ala and 
Asn tRNAs (69 b and 39 b long) and their precursor 
(108 b) which migrates at the same level as its antisense 
RNA (Fig. 2, lane 2H). The concentralions of antisense 
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species appear to be much lower than those of the cor- 
responding sense precursors. No transcripts comple- 
mentary to ND2 mRNA are detectable. 
Moreover, the reverse transcriptase experiment al- 
lowed us to map the 5’end of the Asn-tRNA (23 b) (Fig. 
3B lane a) by using the oligo a which anneals 3 bases 
downstream its 5’ termini (Fig. 3A); no longer 
transcripts have been detected, suggesting a processing 
of the polycistronic RNA at the level of the Ori L. 
Riboprobe 4 (H) (Fig. 3, lane 4H) identifies a com- 
plete protected transcript , 220 b long, corresponding to 
the precursor of the CO1 (antisense RNA of Asn-tRNA, 
Ori L, Cys, Tyr-tRNAs 15 b of COI) and one transcript 
of 205 b very likely corresponding to a processing of the 
former at the 5’ end of the CO1 (IS b). The faint band 
68 b long corresponds to the antisense tRNAs. These 
transcripts, like the transcript of IO8 b identified with 
riboprobe 2 (H), do not contain genetic information. 
These results have been confirmed by a reverse 
transcriptase experiment performed using the oligo b 
which anneals 31 bases downstream the ATG of the 
CO1 (Fig. 3A). The elongation products identify the 5’ 
end of the CO1 (52, b) and the precursor (366 b) (Fig. 
313. lane b). 
It should be remembered that in HeLa cells a single 
transcript (RNA 6) present in this region has been 
identified as the precursor of COI [13]. The 5’ end of this 
transcript was mapped immediately downstream of the 
3’ end of the Trp-tRNA whereas the 3’ end was not 
precisely determined. Our data determine the position 
of both the ends. 
Riboprobe 4 (L) (Fig. 2, lane 4L) reveals a complex 
pattern with equally intense multiple bands. These 
bands have been interpreted as corresponding to the 
processed tRNAs of the cluster (68 b Cys-tRNA, 66 b 
Tyr-tRNA, 35 b Asn-tRNA) and to their precursors 
(134 b long). These results have been confirmed by 
Fig. 3. Fine mapping ofthe transcripts in the Ori L region. A: schema- 
tic diagram of the probes used in the reverse transcriptasc experiments 
(ror details see Fig. I). B: rcver~e trunscriptasc cxpcriments. Lane a, 
mapping performed using oligo a; lane b. mapping purormcd using 
oligo b. 
314 
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reverse transcriptasc experiments, using oligo c, which and 3’ ends of the mRNA were mapped by Attardi’s 
anneal in the Cys-tRNA (Fig, 3A). group [14,1S] by using discrete poly(A) RNAs. In our 
The elongation products identify the S’ end of Cys case the use of total mtRNA and riboprobes with high 
and the precursor Cys-Tyr tRNAs (data not shown). specific activity overlapping two genes, allows the 
In the downstream region, hybridization with clone characterizations of the precursors. 
3 (H) (Fig. 2, lane 3H) identifies a transcript corrc- 
sponding to CO1 mRNA (254 b long) which is present 
The presence of the precursor ND2 mRNA plus Trp 
tRNA raises the problem of its translation since it could 
in a much higher concentration compared to its pre- produce a longer protein. In animal mitochondria, 
cursor (Fig. 2, lane 4H). The 5’ end of the CO1 has been mRNAs usually end immediately before a tRNA and 
precisely mapped by using oligo b as previously sometimes with an incomplete termination codon; the 
reported (Fig. 35, lane b). The mRNA starts from the processing of the transcript upstream of the tRNA and 
triplet ATG as deduced from the nucleotide sequence. its poly(A) addition create the termination codon TAA. 
Riboprobe 3 (1) does not reveal any hybrid at all, However, in this case the ND2 mRNA terminates with 
thus showing the absence of CO1 antisensc RNA one T and the Trp-tRNA starts with AG, thus creating 
species. a complete stop codon TAG. 
Riboprobe 6 (H) (not shown in Fig. I) identifies 12s 
rRNA (SO1 b) (Fig. 2, lane 61-i). No antisense RNA 
species were detectable in the ribosomal region (Fig. 2, 
lane 61). 
By hybridizing in solution, RNase-free DNase- 
treated total mtRNA with an excess of radioactive ri- 
boprobes, we determined the relative concentration of 
the transcripts at saturation. The results were controlled 
by repeating the hybridizations with different amounts 
of total mtRNA (0.01-I ,ug) so as to confirm that the 
ratio of the various products could be maintained. 
The relative concentrations of all the transcripts at 
saturation are shown in Table 1. It should be noted that 
the pg of the hybrid depends on the length of the ri- 
boprobe. For the structural genes NDI, ND2 and CO1 
we confirmed the presence of the sense RNA only. The 
amounts of the mRNA of the two subunits ND1 and 
ND2 which both belong to complex I are comparable 
(when taking into account the different lengths of the 
riboprobes), whereas the concentration of the mRNA 
ofCO1 is about three times higher. Only the riboprobes 
4(H) and 4(L) identify symmetric transcripts. The 
tRNA antisense species are one and two orders of mag- 
nitude less abundant than the mature mRNAs and 
tRNAs species respectively. 
It has been reported that RNA priming can occur 
within the T rich loop on the template strand and the 
role of poly(A) in serving a priming function has been 
suggested. The structural organization of the Ori L con- 
taining region renders the template DNA highly prone 
to elongation in vitro by DNA polymerase as a result 
of self priming in a reaction mixture that did not contain 
ribonucleotide triphosphates [S]. However the RNA 
primers for the initiation of the L strand replication 
have never been identified in vivo, although it has been 
shown that the nascent L-strand of mouse mtDNA con- 
tains alkali-labile sites due to the retention of ribonu- 
cleotides which may refiect inefficient removal of the 
RNA primer. The small primers have not been 
identified by our method because very likely they are 
immediately degraded. 
4. DISCUSSION 
The results hown in this paper indicate several novel 
features of the rnitochondrial transcription mechanism 
in mammalian cells. We found that the tRNAs present 
in the region surrounding Ori L are synthesized from 
precursors which are subsequently cleaved to give the 
mature products. The identification of the ND2 mRNA 
plus Trp-tRNA precursor indicates that tRNAs are not 
immediately processed and that cleavage at the 5’ and 
3’ ends may not be contemporary. This finding suggests 
that the mechanism of RNA processing in mitochondria 
proceeds tep-wise producing several precursors of the 
mature forms. Very likely, these precursors have not 
been detected previously owing to both their lower 
abundance and their lack of polyadenylation. The S’ 
In recent papers we analyzed the D-loop in detail in 
several mammals [16] and demonstrated that in rat this 
region is completely and symmetrically transcrihecl [7]. 
In particular we detected H and L transcripts which 
encompass the whole D-loop and abundant shorter H 
RNA species terminating downstream of the 3’ end of 
the last coded gene (Thr-tRNA), and also L RNA 
species actively processed at the level of both the CSBs 
(very likely representing RNA primers for the H strand 
replication) and of the D-loop 3’ end where the newly 
synthesized H strand terminates in resting molecules. 
In this paper we show the presence of complementary 
transcripts in the other small regulatory region of 
mtDNA which contains the origin of replication of the 
L strand. 
The simultaneous presence of H and L transcripts in 
Table I 
R&live conccnwaGon (pg hybrid&g RNA) of the H and L transcripls 
detcckd in different regions of the ral ml geenome 
I-1 
L 
Clone 4 Clone 5 Clone I 
cluskr Ori L NDI ND2 
3.922 0.36 50.5k4.12 107.St5.07 
395.75 254.47 - 
Clone 3 
co1 
182.5~0.14 
31s 
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the D-loop and in the region surrounding the Ori L is 
rather striking. It shows that a different turnover for the 
information-free transcripts of both H and L strands 
takes places in the coding and in the non-coding region 
of mtDNA and gives support to the hypothesis that 
antisense RNAs may play a regulatory role in the 
replication and expression of mtDNA. 
It would be extremely interesting to investigate the 
molecular bases of these properties. To this end two 
approaches may be adopted. It should be determined 
whether the concentrations of antisense RNAs vary 
under different physiological conditions and in different 
tissues, and the synthesis and processing of mtRNA 
should be studied in vitro using isolated organclles or 
soluble systems. Both approaches are ur?der investiga- 
tion in our laboratory. 
Recently, Clayton’s group has suggested that the mo- 
lecular defect associated with the MELAS subgroup of 
mt encephalomyopathies may be the inability to 
produce the correct type and quantity of rRNA relative 
to other mitochondrial gene products. This myopathy 
is in fact associated with a mutation in the gene for 
Leu-tRNA which is embedded in the middle of a tride- 
tamer sequence necessary for the formation of the 3’ 
ends of 16s rRNA. This mutation causes severe impair- 
ment of rRNA transcription termination which corre- 
lates with a reduced affinity of the termination factor 
for the MELAS template [ 171. Such experiments which 
demonstrate a link between a human disease and a mo- 
lecular regulatory feature of mtDNA suggest that the 
level of the transcripts may play an important role for 
a correct functioning of the mitochondria within the 
eukaryotic cell. 
It is clear that many peculiarities of the mt transcrip- 
tion mechanism still remain to be elucidated. The study 
of the organelle genomc in both lower and higher eu- 
koryotes has already revealed a number of unexpected 
features, but we should probably be prepared for 
further surprises. 
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